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Abstract
Recently, a new carbon 3D carbon allotrope named pentadiamond was proposed.
Pentadiamond is composed of carbon atoms in mixed sp2 and sp3-like hybridization.
In this work, we have carried out a detailed investigation of the electronic and optical
properties of pentadiamond structure using first-principles (DFT) methods. Our results
show that pentadiamond has an indirect bandgap semiconductor of 2.50 eV with GGA-
PBE and 3.31 eV with HSE06. Its static dielectric constant is 4.70 and the static
refractive index is 2.16. Pentadiamond presents low reflectivity, almost 40%, for all-
optical spectrum, making it a good structure to be used as a UV collector. Also,
pentadiamond exhibits optical activity in the UV range where other carbon allotropes,
such as diamond and 8-tetra(2,2) tubulane show no activity.
Introduction
Carbon is capable of forming many 1D, 2D, or 3D allotropes as it easily form single, double
and triple bonds.1–8 In the nature, there are two natural allotropes forms, graphite and
diamond, composed by sp3 and sp2 hybridized carbon atoms, respectively. Diamond has
interesting physical properties such as high thermal conductivity,9 hardness10 and large
optical absorption in the ultra-violet range.11 Graphite is extremely soft,12 inert when in
contact with a large variety of materials13 and can be cleaved at very low pressure.14 In 2004,
a single graphite layer, the so-called graphene, was obtained using a mechanical exfoliation
method15 and started a revolution in materials science.16
However, pristine graphene is a semi-metal with a zero bandgap, which prevents its use in
some architecture based on-off current regime. For this reason, much effort has been devoted
to transforming graphene into a semiconductor but preserving some of its unique electronic
properties. This has been tried using mechanical strain,17 external electrical field,18 and/or
physical and chemical doping.19
The advent of graphene also renewed the interest for new 3D allotropes. Among the new
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proposed structures we can mention ”protomene”20,21 and ”novamene”,22,23 which are 3D
allotropes composed by carbon in sp2 and sp3-like hybridization that presents a bandgap
value of 3.0 and 0.3 eV, respectively.
More recently, a new 3D carbon allotrope was theoretically proposed, ”pentadiamond”
(see Figure 1), an extended diamond form with sp2 and sp3 hybridizations.24 Besides the new
topological features, in contrast to diamond which is an insulating material, pentadiamond
is a semiconductor with an indirect bandgap value of 2.52 eV.24 It was proposed24 that it
was an auxetic material (negative Poisson’s ratio), but it was a numerical mistake.25,26
In this work, we carried out a detailed investigation of the electronic and optical proper-
ties of the pentadiamond using Density Functional Theory (DFT) methods. For comparison
purposes we also considered the diamond and the 8-tetra(2,2)-tubulane,27,28 which is an-
other 3D carbon allotrope containing sp2 and sp3 carbon-like hybridizations and a very close
bandgap value (2.52 eV).
Methodology
The calculations in this work were performed using density functional theory (DFT) meth-
ods within the generalized gradient approximation (GGA) and the Perdew-Burke-Ernzerhof
(PBE) functional for the exchange-correlation part.29 We use a mesh cutoff energy value of
300 Ry and a Brillouin zone sampling with 10×10×10 set of k point within Monkhorst-Pack
scheme.30 We use the SIESTA software that it has all packages required for this purpose.31
When the total energy difference of successive iteration is smaller than 10−6, we assume
the self-consistent field (SCF) convergence criteria were satisfied. The geometrical structural
optimizations of the pentadiamond, diamond, and 8-tetra(2,2) structures were carried out
using the conjugate gradient method. No constraints were used, we allow both atomic
positions and lattice parameters to fully relax. Both atomic positions and lattice vectors are
optimized simultaneously. We assume that the optimization convergence process is satisfied
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when forces on each atom are smaller than 0.005 eV/A˚.
Once structures were optimized as discussed above, we performed the optical analysis in
the linear regime considering an external electric field of magnitude 1.0.32 All optical calcu-
lations were also performed with the SIESTA software. We assume that external electrical
field is polarized as an average of the three spatial directions, along x, y, and z-directions.
We define the complex dielectric function as:
(ω) = 1(ω) + i2(ω), (1)
where 1 and 2 are the real and imaginary parts of the dielectric function, respectively.
The imaginary part of dielectric function 2 can be extracted from Fermi’s golden rule
through interbands transitions:33
2(ω) =
4pi2
Ωω2
∑
i∈VB,j∈CB
∑
k
Wk|ρij|2δ(kj − ki − ω). (2)
where Wk is the individual k point weight, ρij is the dipole transition operator projected on
the atomic orbitals basis with elements i and j, Ω is the unit cell volume, ω is the photon
frequency and VB and CB refer to the valence and conduction bands, respectively.
From Kramers-Kronig relation we determine the real part of dielectric function:
1(ω) = 1 +
1
pi
P
∫ ∞
0
dω′
ω′2(ω′)
ω′2 − ω2 , (3)
where P denotes the principal value.
All optical quantities of interest such as the absorption coefficient α, the reflectivity
R, and the refractive index η, can be evaluated directly from real and imaginary parts of
dielectric function:
α(ω) =
√
2ω
[
(21(ω) + 
2
2(ω))
1/2 − 1(ω)
]1/2
, (4)
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η(ω) =
1√
2
[
(21(ω) + 
2
2(ω))
1/2 + 1(ω)
]2
(5)
R(ω) =
[
(1(ω) + i2(ω))
1/2 − 1
(1(ω) + i2(ω))1/2 + 1
]2
, (6)
The accuracy of the optical calculation depends directly on the accuracy of the bandgap
value. In the literature, is well-known that GGA-PBE in general underestimates the bandgap
value for semiconductor materials.34 A comparison between GGA and other approximations,
suggests that HSE06 functional produces bandgap values with higher precision.35 As HSE06
is unavailable in the SIESTA software, our calculation for bandgap value and optical tran-
sitions are underestimated. However, in SIESTA there is the possibility to carry out the
optical calculations with corrections if the bandgap value was obtained with a more robust
method, such as HSE06. The correction is introduced in SIESTA by a definition of the
scissor operator, which produces a shift in the unoccupied states, given by,
scissor = EHSE06gap − EPBEgap . (7)
In some works in the literature the corrected optical spectra obtained with the scissor oper-
ator produced results comparable to more sophisticated methods as as GW ones.36–38
Here, we used the Gaussian16 software package for obtaining the corrected bandgap value
with the HSE06 functional. Then we used the scissor operator from equation 7 for performing
the optical calculations with the same accuracy presented by HSE06.
Results
Structural Parameters
In Figure 1 we present the optimized structures replicated 3× 3× 3 along X, Y and Z of the
structures investigated in this work: pentadiamond, diamond, and 8-tetra(2,2). The black
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lines indicate the lattice vectors.
As mentioned above, pentadiamond and 8-tetra(2,2) consist of carbon in sp2 and sp3-like
hybridization, while diamond contains sp3 carbons. The average C-C bond length for each
case were 1.51, 1.56 and 1.54 A˚ for pentadiamond, diamond and 8-tetra(2,2), respectively.
These results are expected because sp3 bond-lengths are more larger than sp2 ones, therefore
as pentadiamond and 8-tetra(2,2) contains sp2-like carbons their average C-C bond-lengths
is to be smaller, as observed. The optimized structural parameters are presented in Table 1.
It should be stressed that pentadiamond and diamond are fully isotropic while 8-tetra(2,2)
only along the X and Y axes. Also, the pentadiamond primitive supercell is FCC while
diamond and 8-tetra(2,2) are tetragonal.
Table 1: Structural information from GGA-PBE calculations for pentadiamond,
diamond and 8-tub(2,2).
Parameters Pentadiamond Diamond 8-tetra(2,2)
atoms per unit cell 22 8 8
a (A˚) 6.55 3.56 4.39
b (A˚) 6.55 3.56 4.39
c (A˚) 6.55 3.56 2.52
α (o) 60.0 90.0 90.0
β (o) 60.0 90.0 90.0
γ (o) 60.0 90.0 90.0
Volume (A˚3) 199.13 44.97 48.54
Density (g/cm3) 2.20 3.54 3.30
Space Group Name (number) Fm3¯m (225) Fd3¯m (227) I4/mmm (139)
Electronic Analysis
In Figure 2 we present the pentadiamond, diamond, and 8-tetra(2,2) band structure and
corresponding projected density of states (PDOS) for valence atomic orbitals 2s and 2p.
From the band structure, we observe that pentadiamond and 8-tetra(2,2) structures are
semiconductor materials with bandgap values of 2.50 and 2.65 eV,respectively, while the
diamond has a bandgap values of 4.20 eV. We observe an indirect bandgap in all cases, the
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bandgap values are given by energy difference from frontier orbitals levels highest occupied
crystal orbital (HOCO) and lowest unoccupied crystal orbital (LUCO). The frontier orbital
HOCO are at the symmetry point L, Γ and Γ, for pentadiamond, diamond and 8-tetra(2,2),
respectively, while the frontier orbital LUCO is at X point, for all structures. We observe
from PDOS that frontier orbtials HOCO and LUCO are predominantly composed of atomic
orbitals 2p of carbon atoms.
We mentioned early in the methodology section the bandgap values obtained using GGA-
PBE is underestimated. For the optimized geometries shown in Figure 1, we performed one
self-consistent field calculation with gaussian16 software using the HSE06 functional and
basis set cc-pVTZ in order to obtain more realistic bandgap values. Using the experimental
bandgap value of diamond as the reference (5.539) HSE06-cc-PVTZ produced the best re-
sult (5.4 eV), very close to the experimental value. For pentadiamond and 8-tetra(2,2) we
obtained 3.31 and 3.76 eV, respectively (in comparison to 2.50 and 2.65 eV, respectively,
obtained with GGA-PBE).
Optical Properties
To perform the optical calculations we used the scissor correction to produce a more precise
description of the optical transitions, as mentioned in the methodology section. In the
last section, we obtained the bandgap values through gaussian16 with the HSE06 functional.
Since the obtained bandgap value for the diamond structure is very close to the experimental
one and all structures are composed only by carbon atoms, we can expect that the values
for pentadiamond and 8-tetra(2,2) were also obtained with good accuracy. There are no
calculations in the literature for these structures using a hybrid functional such as HSE06.
With the scissor operator correction our results should be equivalent to those performed with
the HSE06 functional.
In Figure 3, we present the imaginary a) and real b) part of dielectric constant function
as a function of photon energy value. The imaginary and real part of dielectric constant
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show the absorptive and dispersion behaviour, respectively. The external electrical field is
polarized as an average along X, Y and Z directions. Each peak in Figure 3-a) corresponds to
an optical transition. We notice that imaginary part of dielectric constant function starts for
nonzero values close to the 3.5 eV for the pentadiamond. This is consistent with the corrected
bandgap values. For this reason we do not observe optical activity in infrared region. The
materials are transparent in this region and does not occur attenuation of the incident light.
We observe the the optical transition only occur for photon energy corresponding to the
ultra violet region. Also, pentadiamond and diamond start to absorb when photon energy
near their bandgap values. These transitions occur involving the symmetry points X and
K on the pentadiamond and Γ on the diamond. In contrast, for 8-tetra(2,2) we observe the
direct transition at Γ and N , which are associated with energies significantly larger than
bandgap value. We observe that for photon energies larger than 7 until 20 eV, diamond and
8-tetra(2,2) tend to absorb more than pentadiamond.
In Figure 3-b) we present the real part of the dielectric constant function as a function
of the photon energy. We did not observe light attenuation for photon energies lower than
3.5 eV. As mentioned early, there is no optical activity in the infrared range. The dielectric
constant value can be extracted from Figure 3-b) at long wavelength regime (photon energy
tend to zero). The obtained values for dielectric constant: 4.70, 5.40 and 5.43 for pentadi-
amond, diamond (5.6 is the experimental value, from40) and 8-tetra(2,2), respectively. The
dielectric constant value is important for the electronic transport properties, as it affects the
exciton (electron-hole pairs) separation.
In Figure 4 we show the absorption coefficient as a function of photon energy. All peaks
are located in the ultra-violet region because the structures investigated here present large
bandgap values. For photon energies values lower than 7 eV, the absorption intensity is more
strong for pentadiamond. From 7 eV we observe for all cases that intensities increase until
the two almost equivalent (in intensity) peaks located at 14.0 and 16.8 eV for pentadiamond,
14.8 eV for the diamond, and 13.4 eV for 8-tetra(2,2). The maximum absorption intensities
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are 2.3 × 106cm−1, 4.8 × 106cm−1 and 3.5 × 106cm−1, for pentadiamond, diamond and 8-
tetra(2,2), respectively. For carbon carbon, in general, intense absorption in UV region is
associated with sp3-like carbons. In this sense, the sp3 content decrease from diamond,
2-tetra(2,2), to pentadiamond, which follows the intensity ordering of Figure 4.
In Figure 5 we show the refractive η a) and reflectivity R b) indices as a function of photon
energy. As mentioned before, we do not observe light attenuation for photon energies until 7
eV for diamond and 8-tetra(2,2) cases. The maximum peak for each case in Figure 5-a) are
5, 11.9 and 9.0 eV for pentadiamond, diamond and 8-tetra(2,2), respectively. In the range
from 7 to 12.8 eV the refractive index for diamond and 8-tetra(2,2) are higher than the one
for pentadiamond. For higher photon energies values all systems exhibit the same trends.
The static refractive index value of the material can be extracted from Figure 5-a) in the
long wave regime (photon energy tend to zero).
The obtained values are 2.16, 2.33 and 2.30 for pentadiamond, diamond (2.4 for the
experimental value, from41) and 8-tetra(2,2), respectively.
In Figure 5-b) we can observe the that reflectivity of pentadiamond has the maximum
peak at 17 eV, where it reflects almost 40% of UV incident light, while diamond reflects
70% at 15.2 eV and 8-tetra(2,2) reflects almost 60% at 13.7 eV. Therefore, pentadiamond
can be used as UV collector for photon energies until 15 eV, because of its low reflectivity
and refractive index greater than 1. In contrast, diamond and 8-tetra(2,2) can be used as
UV collector only until 11 eV, from this value their reflectivity increase and the refractive
indices decrease.
Conclusion
In summary, we have carried out a detailed investigation of the electronic and optical proper-
ties of pentadiamond structure using first-principles (DFT) methods. Pentadiamond is a car-
bon allotrope structure composed of mixed of sp2 and sp3-like hybridization. For comparison
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purposes, we have also considered two other structures: diamond and 8-tetra(2,2)tubulane.
Our results show that pentadiamond has an average equilibrium bond-length distance of
1.51 A˚(1.54 and 1.56 for diamond and 8-tetra(2,2), respectively). Pentadiamond is an in-
direct bandgap semiconductor (2.50 eV with GGA-PBE and 3.31 eV with HSE06). The
static dielectric constant for pentadiamond is 4.70. The maximum absorption intensities
are 2.3 × 106cm−1, 4.8 × 106cm−1 and 3.5 × 106cm−1, for pentadiamond, diamond and 8-
tetra(2,2), respectively. The static refractive index for pentadiamond is 2.16 Pentadiamond
presents low reflectivity, almost 40%, for all-optical spectrum. From our analysis, we con-
clude that pentadiamond can be used as a UV collector because of its low reflectivity. Also,
pentadiamond exhibits optical activity in the UV range where other structures as diamond
and 8-tetra(2,2) show no activity.
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Figure 1: From top to bottom the optimized structures replicated 3× 3× 3 along X, Y and
Z of pentadiamond, diamond and 8-tetra(2,2), respectively. The black lines indicated the
lattice vectors. The structural information is displayed in table 1.16
Figure 2: Electronic band structure and their corresponding projected density of states
(PDOS) for: a/b) pentadiamond, c/d)diamond, and e/f) 8-tetra(2,2).
17
Figure 3: Imaginary a) and real b) part of dielectric constant function as a function of
photon energy.
18
Figure 4: Absorption coefficient α as a function of photon energy.
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Figure 5: Refractive index a) and reflectivity b) as a function of photon energy.
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